ABSTRACT: Stroke is a major cause of neurologic morbidity in neonates and children. Because neonatal and pediatric stroke frequently present with seizures, the question of which anticonvulsant best blocks acute ischemic seizures and reduces injury is clinically relevant. The purpose of this study was to determine the extent to which gabapentin is neuroprotective and suppresses acute seizures in this model of ischemic injury in the immature brain. Postnatal day 12 CD1 mice underwent right common carotid artery ligation and immediately after ligation received a 0, 50, 100, 150, or 200 mg/kg dose of gabapentin intraperitoneally. Acute seizure activity was behaviorally scored and hemispheric brain atrophy measured. In vehicle-treated mice, severity of acute seizures correlated with hemispheric brain atrophy 4 wks later. Gabapentin significantly decreased acute seizures at 200 mg/kg and reduced brain atrophy at doses of 150 and 200 mg/kg but not at lower doses. These results suggest that gabapentin effectively reduces acute seizures and injury after ischemia in the immature brain. When analyzed by animal sex, the data suggest that gabapentin may more effectively reduce acute seizures and injury in male pups vs. female pups. (Pediatr Res 64: 81-85, 2008) 
O ne in 4000 term neonates are diagnosed with stroke (1) and approximately 8 in 100,000 children experience neurologic morbidity because of stroke (2) . Stroke in neonates and children frequently results in cerebral palsy, learning disabilities, visual field deficits, and epilepsy (3) . The postnatal day 12 (P12) CD1 mouse unilateral carotid ligation model used in this study has previously been shown to result in acute ischemic seizure activity and brain injury in the distribution of the middle cerebral artery (4 -6) . Importantly, in this model, the severity of acute seizures correlates with the severity of brain injury 1 wk after ligation (4) . This novel aspect of the immature mouse unilateral carotid ligation model mimics the clinical situation in that neonatal stroke presents acutely with seizures (7) and in pediatric stroke the occurrence of seizures is correlated with more severe neurologic outcome (8) .
Developmental regional brain vulnerability to ischemic injury has been associated with the proximity of selected neuronal populations to developing glutamatergic circuits (9) . Furthermore, developmentally regulated variations in ␣-amino-3-hydroxy-5-methyl-4-isoxazole-proprionic acid receptor subunits, N-methyl-D-aspartate receptor subunits, and in the activity of ion channels have all been implicated in excitotoxicity and ischemia-induced seizures (10 -12) . These developmentally regulated differences may contribute to an agerelated period of susceptibility to seizures and brain injury from impaired brain perfusion. Because the immature brain responds very differently to ischemic insults (13) , it is crucial that relevant immature animal models be used for preclinical neuroprotection studies.
Immature brain neuroprotection has been the goal of much research aimed at interrupting the excitotoxic cascade and subsequent injury due to free radicals and inflammation (14) . Researchers have learned that long-term protection must be shown after treatment to prove the drug prevents, rather than just delays, brain injury. So far, however, only hypothermia after moderate neonatal brain asphyxia has been shown clinically to reduce injury (15) . Because most neonates and young children with strokes present with seizures, the question of which anticonvulsant(s) both reduce the acute ischemic seizures and provide neuroprotection is clinically relevant. The goal of this study was to determine the extent of seizure suppression and neuroprotection afforded by the anticonvulsant gabapentin [1-(aminomethyl)-cyclohexan-acetic acid] to this model of ischemic injury in the immature brain.
METHODS
All materials and methods were approved by the Johns Hopkins University Animal Care and Use Committee.
Surgery. At P12, CD1 mice (Charles River Laboratories, Boston, MA) underwent right common carotid artery ligation surgery. Anesthesia was induced and maintained with 4 and 1.2% isoflurane anesthesia, respectively. Immediately thereafter, pups from each litter were administered intraperitoneally either a 0 (vehicle), 50, 100, 150, or 200 mg/kg dose of gabapentin dissolved in saline solution. Pups were then placed into a 36°C incubator for seizure scoring.
Temperature measurements. In a separate experiment, we recorded rectal temperatures in 20 P12 CD1 mouse pups (10 sham surgery and 10 ligates); half of each group received vehicle injections and half received gabapentin 200 mg/kg i.p. (n ϭ 5/group). Rectal temperatures were measured before surgery while pups were in home cage with dam, immediately after surgery, 2 h after surgery in 36°C incubator, and 4 h after surgery in 36°C incubator. This experiment was done in a separate group of mice from the gabapentin neuroprotection experiment to not interrupt seizure rating in the main study.
Seizure scoring. Seizure activity was scored by an investigator blinded to ligation status, according to a seizure rating scale as previously reported (16) .
Every 5 min, the score corresponding to the highest level of seizure activity observed during that time period was recorded. Briefly, seizure behavior was scored as follows: 0 ϭ normal behavior; 1 ϭ immobility; 2 ϭ rigid posture; 3 ϭ repetitive scratching, circling, or head bobbing; 4 ϭ forelimb clonus, rearing, and falling; 5 ϭ mice that exhibited level four behaviors repeatedly; and 6 ϭ severe tonic-clonic behavior. After 4 h, the mice were returned to the dam and each of their seizure scores was individually summed to produce a total seizure score.
Perfusion. At P40, mice were anesthetized with 90 mg/kg chloral hydrate, perfused transcardially with ice-cold 4% paraformaldehyde, postfixed for 12 h in the same fixative, cryoprotected, and snap frozen.
Atrophy measurement. Using MCID 7.0 Elite (InterFocus Imaging Ltd., Cambridge, UK) cross-sectional hemispheric areas of 50 m-thick, Nisslstained sections equally spaced and spanning rostral striatum to caudal hippocampus were measured (n ϭ 10 -12 sections per animal). The extent of hemispheric brain atrophy was calculated according to [1 Ϫ (ipsilateral/ contralateral)] ϫ 100. MCID measurements were performed by an experimenter blinded to the dose of gabapentin administered. Presence or absence of brain injury was determined by microscopic inspection of sections at 4ϫ and 10ϫ according to the presence or absence of an infarct, atrophic malformed structures, or cellular loss in the hippocampus.
Statistical analysis. Statistical analyses were run in SPSS for Windows (SPSS Inc., Chicago, IL). Only data from injured animals that survived until perfusion were included in the analysis (n ϭ 47). For all analyses, statistical significance was set at (p Ͻ 0.05).
Median seizure score and hemispheric brain atrophy analysis. To make the number of injured animals that survived in the vehicle treated group comparable to that of the other dose groups, 10 of the 16 animals from the control group were randomly selected by a computer program in SPSS. Median percent hemispheric brain atrophy (nonparametric analyses were used because groups were not normally distributed) and median seizure scores were calculated for each dose of gabapentin. Mann-Whitney U tests were done to determine statistical significance compared with vehicle treated injured mice. Spearman's rho correlations were used to determine the strength and significance in correlations between median seizure score and median percent hemispheric brain atrophy.
Epoch analysis of seizure severity. For this analysis, treatment cohorts were grouped into no or low-dose gabapentin (0, 50, 100 mg/kg) and high-dose gabapentin (150 and 200 mg/kg). A computer-generated random selection was done to have equal animal numbers in both groups (n ϭ 22). Average number of seizure-free epochs or animal (i.e., score 0) was calculated for each group and compared by student's t test. Average (per animal) and total numbers of epochs given scores of 1, 2, 3, 4, 5, or 6 were also calculated and compared. The number of epochs scored as "0" before the onset of seizures was also calculated and compared as an estimation of the time to behavioral seizure onset after surgery. The seizure epoch analysis was done this way to have sufficient numbers of epochs for each seizure score and because brain injury was similar within the two groups.
Sex-related analyses. To evaluate this data for sex-related differences in the effects of gabapentin, median percent hemispheric brain atrophy, and median seizure score data were combined into two groups for each gender: no or low dose gabapentin (0, 50, and 100 mg/kg) and high-dose gabapentin (150 and 200 mg/kg). To compare median percent hemispheric brain atrophy or median seizure scores between the genders, the sample size for both female and male mice in the low-dose group was standardized at n ϭ 15 by randomly selecting the data for 15 animals using SPSS software. The sample size in the 150 and 200 mg/kg group was not changed, as an equal number of mice already existed in this group, for both genders. Mann-Whitney U tests were used to compare median percent hemispheric brain atrophy and median seizure score between the no or low-dose group (0, 50, or 100 mg/kg) and the high-dose group (150 or 200 mg/kg) for males and females separately. Mann-Whitney U tests were used to compare median percent hemispheric brain atrophy in each group between genders (i.e., median seizure scores for males in the no or low dose group vs. for females in the no or low dose group). Spearman's rho correlations were used to determine the strength in the correlation between median percent hemispheric brain atrophy and median seizure scores in each group within genders.
RESULTS

Temperature responses.
Mean rectal temperatures and anesthesia times were not significantly different between the four groups in the temperature study: the range of baseline mean temperatures was 33.3-33.8°C; right after the surgical procedure, the range of mean temperatures was 32.4 -32.7°C; 2 h after surgery, the range of mean temperatures was 34.4 -34.6°C; and 4 h after surgery range was 34.4 -34.7°C. Therefore, anesthesia during surgery lowered temperatures by the same amount for all four groups and gabapentin did not alter temperatures. A post hoc multiple comparisons test showed no significant differences in mean rectal temperatures at any of the four timepoints between the four groups.
Gabapentin neuroprotection study. Overall mortality was 10% for all groups. No statistically significant difference in mortality was found in any of the groups. Anesthesia times were not significantly different between any of the treatment groups.
Seizure score-both sexes. Regardless of sample size used for the control group (n ϭ 10 randomly selected or total n ϭ 16), seizure scores after 150 mg/kg (n ϭ 13, 6 male, 7 female) and 200 mg/kg (n ϭ 9, 5 male and 4 female) doses of gabapentin were reduced compared with vehicle treated mice, with significance reached at 200 mg/kg and a trend at 150 mg/kg gabapentin. Seizure scores were not significantly different after 50 (n ϭ 9, 6 male and 3 female) or 100 mg/kg (n ϭ 10, 3 male and 7 female) doses of gabapentin. Median seizure score for vehicle treated mice (n ϭ 10, 6 male and 4 female) was 15.5 (range ϭ 0 -65), 12 for 50 mg/kg dose of gabapentin (range ϭ 0 -37; NS); 10 for 100 mg/kg dose (range ϭ 0 -97; NS); 10 for 150 mg/kg (range ϭ 0 -23, p ϭ 0.093), and 3 for 200 mg/kg dose of gabapentin (range ϭ 0 -24; p Ͻ 0.01) (Fig.  1A) . Notably, none of the gabapentin doses produced any appreciable acute toxicity with regard to the quality of nonseizure movement. Therefore, we were easily able to rate seizure behavior in all the groups.
Analysis of seizure scores and epochs of zero or low-dose and high-dose gabapentin-treated animals found that the number of seizure-free epochs was increased in the high-dose gabapentin-treated animals (45.7 Ϯ 0.5 SEM) compared with the zero or low-dose treated group (41 Ϯ 1.6 SEM, p Ͻ 0.01; Fig. 1B) . The average number of epochs per animal and total epochs given scores was decreased in the high-dose group for all seizure scores except score of 4 that was unchanged between the groups (Fig. 1C) . This decrease was significant for scores of 3 and 6. None of the high-dose treated animals received any scores of 6; the highest possible seizure score (Fig. 1C) . The number of epochs scored "0" before the onset of seizures, and therefore, latency to acute seizures was not significantly different between the zero or low dose and high-dose groups.
Hemispheric brain atrophy-both sexes. Injury was seen in the ipsilateral hemisphere. Regardless of sample size considered in the control group (n ϭ 16 or n ϭ 10), significantly reduced median percent hemispheric brain atrophy was seen with gabapentin administered at 150 and 200 mg/kg but not at lower doses. Median hemispheric brain atrophy was 48% for control animals (n ϭ 10, range ϭ 31-77%), 39% for animals that received a 50 mg/kg dose of gabapentin (range ϭ 13-60%, NS), 44% for animals that received a 100 mg/kg dose (range ϭ 0 -76%, NS), 25% for those that received a 150 mg/kg dose (range ϭ 3-55%, p Ͻ 0.01), and 25% for those that received a 200 mg/kg dose of gabapentin (range ϭ 2-77%, p Ͻ 0.05; Fig. 2) .
Correlation between seizures and atrophy-both sexes. Seizure activity was significantly correlated with median per-cent hemispheric brain atrophy in the vehicle treated animals (correlation coefficient ϭ 0.794; p Ͻ 0.01; Fig. 3A) , a trend for a correlation was present at 50 mg/kg (correlation coefficient ϭ 0.619; p ϭ 0.08), and these variables were highly correlated at a dose of 100 mg/kg of gabapentin (Spearman's ϭ 0.944, p Ͻ 0.001). This is similar to the correlation between seizures and brain injury previously described in this model 7 d after ligation (4). However, the correlation was lost at higher doses (Spearman's after 150 mg/kg ϭ 0.141, NS and after 200 mg/kg gabapentin ϭ 0.105, NS; Fig. 3B ).
Animal sex and seizure score. Male mice that received higher doses of gabapentin (150 or 200 mg/kg, n ϭ 11) showed a significant reduction in median seizure score relative to males that received lower doses (0, 50, or 100 mg/kg gabapentin) irrespective of whether all males or a randomly selected group of males was used for the male low-dose group (n ϭ 15, median seizure score in low-dose treated male pups ϭ 16, range 0 -65 vs. median seizure score ϭ 5, range 0 -23 in high-dose treated male pups, p Ͻ 0.05, Fig. 4C ). In females, gabapentin administered at higher doses (150 or 200 mg/kg, n ϭ 11) did not cause a significant decrease in seizure activity (median seizure score ϭ 10, range 0 -24), relative to lower doses of gabapentin (0, 50, or 100 mg/kg; n ϭ 15, median seizure score ϭ 8, range ϭ 0 -97, NS; Fig. 4D ). The seizure activity in male and female control mice at low doses (0, 50 or 100 mg/kg gabapentin) was not significantly different.
Animal sex and hemispheric brain atrophy. Median percent hemisphere brain atrophy for male mice administered a 150 or 200 mg/kg dose of gabapentin (n ϭ 11, median ϭ 24%, range ϭ 2-48%) was reduced compared with median percent hemispheric brain atrophy in male mice administered a 0, 50, or 100 mg/kg dose gabapentin (n ϭ 15, median 53%, range 8 -77%, p Ͻ 0.05, Fig. 4A ). In females, the high-dose treated mice had less injury but this reduction was not statistically significant (median hemispheric atrophy in low-dose treated animals ϭ 39%, range ϭ 0 -73% vs. 26%, range ϭ 2-77% in high-dose treated group, NS; Fig. 4B ). The median percent hemispheric brain atrophy between male and female control mice at low-dose (0, 50, or 100 mg/kg) gabapentin was not significantly different.
Animal sex and correlation between seizures and atrophy.
A correlation was found between median seizure score and median percent hemispheric brain atrophy in male and female mice administered low-dose (0, 50, or 100 mg/kg) gabapentin (Spearman's ϭ 0.856, p Ͻ 0.001, n ϭ 15 males; Spearman's ϭ 0.857, p Ͻ 0.001, n ϭ 15 females). At high doses of gabapentin (150 or 200 mg/kg), all correlation was lost in both males and females (n ϭ 11 males, Spearman's ϭ 0.140, NS and n ϭ 11 females, Spearman's ϭ 0.133, NS).
DISCUSSION
Because neonatal strokes present acutely with seizures, it is important to identify anticonvulsants that effectively reduces acute seizure and ameliorate ischemic brain damage. We found that gabapentin, given immediately after carotid ligation in P12 CD1 mice, effectively reduced acute seizures and brain atrophy in injured animals. The seizure suppression and neuroprotective effects were only seen at the higher doses. These higher doses of gabapentin did not result in any notable acute behavioral side effects. We further determined that the higher doses decreased the number of epochs with seizure scores over the range of seizure severity and eliminated the most severe seizures (i.e., seizure score of 6).
Similar to prior studies, the severity of acute seizures correlated with the severity of hemispheric brain atrophy in the vehicle-treated mice. The correlation persisted after administration of low doses gabapentin, but was lost after the administration of high doses. Loss of correlation at higher doses of gabapentin is likely because the most injured animals drive the correlation that is lost when higher doses suppress the seizures and injury.
The ischemic pathway overlaps greatly with seizure processes and therefore anticonvulsants have been proposed as possible neuroprotective agents (17) . Felbamate was protective in a rat pup model of neonatal hypoxia-ischemia when administered before or up to 4 h after injury (18, 19) . Phenytoin pretreatment attenuated hypoxic-ischemic brain injury in neonatal rats (20) and in utero hypoxic brain injury in fetal guinea pigs (21) . Zonisamide pretreatment reduced hypoxicischemic brain injury in rat pups, but did not decrease acute electrographic seizures (22) . A single dose of lamotrigine reduced hippocampal neuronal damage in the rat neonatal hypoxia-ischemia model (23) . With the unilateral carotid ligation mouse model, it is now possible to determine the impact of anticonvulsants on both the acute seizures and the brain injury.
Gabapentin could reduce the activity of the Na ϩ or K ϩ channels, implicated in excitotoxicity (24, 25) . However, the most important mechanism of gabapentin anticonvulsant effects is probably in blocking the influx of calcium into neurons via the ␣ 2 ␦-1 and ␣ 2 ␦-2 subunits of voltage-dependent calcium channels. The cortex and hippocampus have been shown to have high densities of the ␣ 2 ␦-2 subunits. Via this mechanism, gabapentin may reduce synaptic release of excitatory neurotransmitters and postsynaptic neuronal excitation. However, the molecular processes involved in the effect of gabapentin upon these calcium channel subunits that results in its anticonvulsant effect are currently unknown (26) . Reduced presynaptic and postsynaptic excitation would be expected to blunt both acute ischemic seizures and brain injury. The use of gabapentin during pregnancy to reduce brain damage in newborn infants at risk for perinatal asphyxia has been proposed (27) . Our data also suggest that female and male mouse pups in this model may respond differently to gabapentin. Compared with the mice receiving vehicle or low-dose gabapentin, the male mice receiving high-dose gabapentin after carotid ligation had significantly less severe seizures and hemispheric brain injury. No significant difference in seizures or injury was found in the female mice between those administered vehicle or low-dose gabapentin and those administered high-dose gabapentin. A caveat in this finding is that the acute seizures and chronic injury were lower in the females compared with males administered the vehicle or low-dose of gabapentin, although this difference was not significant. These data suggest that a sex-related difference in response to gabapentin may exist in this model and gabapentin may be acting in a different fashion in females vs. males. This could suggest differences in the impact of gabapentin upon the calcium channels in males vs. females or a difference in the relative contribution of calcium channel function to the ischemic cascade in the immature male and female mice. Gender differences have been reported in the incidence of cerebral palsy, which can result from perinatal brain injuries, as well as in the cell signaling cascades that mediate cell death in the immature brain (28) . In female neonatal rodents, ischemic injury is mediated predominantly by activation of caspases, while apoptosis inducing factor plays a greater role in males (29) . Du et al. also reported that in vitro neurons from male rodents are more sensitive to toxicity from glutamate and nitric oxide than female neurons (30) . Renolleau recently reported that the thirdgeneration caspase inhibitor Q-VD-OPh preferentially protects female 7-d-old rat pups from stroke compared with males (31) . However, the relative contribution of the voltage-dependent calcium channels to these pathways in male and female pups is unclear. Gender specific differences in the voltage gated coronary calcium channel expression and currents (increased in males) (32, 33) , and in mesenteric artery responses to voltage gated coronary calcium channel agonists (also increased in males) (34) have been reported in adult tissue and linked to sex hormone levels. The relevance of these findings to possible sex-related differences in the immature animal is unknown. Alternatively, there could be a sex-dependent difference in the renal clearance of gabapentin, although this is not the case in adult rodents and humans (35, 36) . This possible sex-dependant difference in the effect of gabapentin upon ischemic seizures and injury should be confirmed in other immature ischemia models.
In conclusion, in this immature model of ischemic seizures and brain injury, gabapentin suppresses seizures and reduces chronic injury at higher doses. These effects may differ according to animal sex. Gabapentin should be further tested in other relevant immature animal models. If further research supports these findings, clinicians could consider giving gabapentin when a neonate presents with a seizure due to a stroke or suspicion of brain asphyxia, particularly in boys. An i.v. administration of gabapentin would be helpful in this regard. Gabapentin could also be considered as an anticonvulsant for infants with vascular malformations at risk for seizures and stroke. It will be important to determine which anticonvulsants provide the most neuroprotection, the impact of anticonvulsant combinations, and their use optimal with moderate hypothermia. Anticonvulsants could be very promising tools to minimize damage after ischemia in the neonatal or infant brain.
